Abstract Monitoring newborns for adverse outcomes like stillbirth and major congenital anomalies (MCA) is being carried out in government hospitals since 1995 in and around high-level natural radiation areas, a narrow strip of land on the southwest coast of Kerala, India. Natural deposits of monazite sand containing thorium and its daughter products account for elevated levels of natural radiation. Among 141,540 newborns [140,558 deliveries: 139,589 singleton, 957 twins (6.81 ‰), 11 triplets (0.078 ‰), and one quadruplet] screened, 615 (4.35 ‰) were stillbirth and MCA were seen in 1,370 (9.68 ‰) newborns. Clubfoot (404, 2.85 ‰) was the most frequent MCA followed by hypospadias (152, 2.10 ‰ among male newborns), congenital heart disease (168, 1.19 ‰), cleft lip/palate (149, 1.05 ‰), Down syndrome (104, 0.73 ‰), and neural tube defects (72, 0.51 ‰). Newborns with MCA among stillbirths were about 20-fold higher at 190.24 ‰ (117/615) compared to 8.89 ‰ (1,253/140,925) among live births (P<.001). Logistic regression was carried out to compare stillbirth, overall, and specific MCA among newborns from areas with dose levels of ≤1.5, 1.51-3.0, 3.01-6.0 and >6 mGy/year after controlling for maternal age at birth, gravida, consanguinity, ethnicity, and gender of the baby. Clubfoot showed higher prevalence of 3.26 ‰ at dose level of 1.51-3.0 mGy/year compared to 2.33 ‰ at ≤1.5 mGy/ year (OR01.39; 95 % CI, 1.12-1.72), without indication of any clear dose-response. Prevalences of stillbirth, overall MCA, and other specific MCA were similar across different dose levels and were relatively lower than that reported elsewhere in India, probably due to better literacy, health awareness, and practices in the study population.
Introduction
The estimation of risk in humans exposed to low-dose radiation is based on extrapolation from well-documented effects (UNSCEAR 1993) observed at high doses, largely delivered at high dose rates in laboratory models or during accidental exposures. Direct studies on humans exposed to low dose and dose rates is of great significance (WHO 1959) for assessment of risk to occupational exposure and radiation protection practices. There are several high background radiation areas in the world (UNSCEAR 2000) and among them is an important one, which is located in the Kerala state on the southwest coast of India. It is a stretch of coastal land extending from Neendakara Panchayat of Kollam district in the south to Purakkad in Alappuzha district in the north. About 55 km in length and 0.5 to 1.5 km width, the background radiation dose in the region ranges from <1 to 45 mGy/year and is due to the natural deposit of monazite sand containing radioactive thorium (8-10 %), uranium (0.30 %), and their decay products (Bharatwal and Vaze 1959; Sunta 1993) . With a wide range of doses, high density of population, and stable non-migratory community, the area provides unique opportunity to investigate health effects of low-level chronic radiation exposure directly on human population. Normal and high-level natural radiation areas are interspersed due to non-uniform distribution of monazite sand and the former provide an inbuilt control population. Radiation may induce germline mutations that may cause or abet congenital anomalies. Therefore, newborns from high and normal-level radiation areas are being monitored for the past three decades to study the association of elevated levels of natural radiation with congenital anomalies detectable at birth (Jaikrishan et al. 1999; Cheriyan et al. 1999; Thampi et al. 2002 Thampi et al. , 2005 . Further analysis is attempted to assess adverse pregnancy outcomes of stillbirth and overall as well as specific major congenital anomalies (MCA) like clubfoot, heart disease, Down syndrome, cleft lip/ palate, neural tube defects, and hypospadias after controlling for the effects of confounding/competing factors like maternal age at birth, gravida status, ethnicity, consanguinity, and gender of the newborn.
Materials and methods
This study was carried out in selected government hospitals under the Directorate of Health and Family Welfare, Government of Kerala (Victoria Hospital, Kollam, Taluk Headquarters Hospital, Karunagapally, Government Hospital, Kayamkulam and Community Health Centre, Chavara) under a memorandum of understanding between Department of Atomic Energy, Government of India and Ministry of Health and Family Welfare, Government of Kerala. These hospitals cater to the needs of people from both high-level natural radiation area (HLNRA) and from normal-level natural radiation area (NLNRA). All women admitted for delivery with a gestational age of more than 28 weeks were included in the study and the newborn infant (alive or dead) was the primary study subject. Intrauterine death (fetal death before the onset of labor), stillbirth (death during the process of delivery), and death immediately after live birth without any physical stress were all considered as stillbirth in this study. Congenital anomaly was identified primarily by clinical examination of the newborns by pediatricians of the hospitals and was further verified by trained medical doctors of Low-Level Radiation Research Laboratory (LLRRL), Kollam who made regular visits to the participating hospitals. Congenital anomalies with serious structural, functional, or cosmetic disability requiring surgical or medical management (Singh 1985) like congenital heart disease, hypospadias (a urogenital anomaly in the male in which the external urethral opening is either on the ventral aspect of the penis or in the perineum), clubfoot (an anomaly of the foot at the subtalar joint and having three componentsplantar flexion, inversion, and adduction), cleft lip/palate (a craniofacial anomaly caused by non-fusion defects during the development of the face), Down syndrome (most common chromosomal anomaly seen among newborns with characteristic facies, muscle hypotonia, and intellectual impairment varying from mild to moderate), neural tube defects (improper development of the neural tube which is the progenitor of the brain and spinal cord, e.g., anencephaly, meningocele, meningomyelocele, encephalocele, and spina bifida), etc. were considered as MCA. Specific MCA in each newborn (other than those considered as part of a particular syndrome) was counted separately and an exhaustive list of MCA observed in the study is given as Appendix. Data related to the socioeconomic profile, pregnancy history, life style, occupation, place of stay of the parents, etc. were collected from the family by trained staff nurses of the hospital and were recorded in a pre-coded proforma. Relevant details of the current pregnancy outcome were entered by the obstetrician/pediatrician. The completeness and consistency of information collected in the pre-coded proforma were ascertained during the stay of the mother and the newborn in the hospital by paramedical personnel of LLRRL. The entries were further verified during inclusion in the computer database using programs with range checks and were validated for internal consistency.
Dosimetry
The dosimetric profiling of the study area was carried out by dividing the area into small grids of 100 m 2 . Ambient radiation dose level of each grid was estimated by taking the mean of several survey meter (halogen-quenched Geiger Muller tubebased survey meter consisting of the tube and microprocessorbased digital display) readings taken across the length and breadth of the grid at 1 m height from the ground. The dose levels so derived were assigned to all newborns with parental residence in the grid. The average radiation dose in control areas of Kollam district is 1.2 mGy/year with a range of <1.0 to 1.5 mGy/year. Hence, areas with a radiation exposure above 1.5 mGy/year were considered as HLNRA and those below 1.5 mGy/year, as NLNRA (Jaikrishan et al. 1999) . This approximates to an equivalent dose of 1 mSv/year, which is in conformity with the external dose component of the world average dose of 2.4 mSv/year (UNSCEAR 2000).
Statistical methods
Comparison of the proportions of newborns with stillbirth/ MCA across various subgroups was carried out using chi-square test with continuity correction in two-by-two tables. MCA with at least 60 newborns were chosen for separate analyses so that doubling of prevalence in HLNRA relative to NLNRA could be detected with 80 % power and 5 % level of significance, assuming the ratio of the number of newborns from HLNRA to that in NLNRA to be 60:40 (Breslow and Day 1987) . Logistic regression was employed for comparison of adverse birth outcomes like stillbirth, overall, and some most frequent MCA across dose groups after controlling for the effects of possible confounding/ competing factors like maternal age at birth, gravida status, ethnicity, consanguinity, and gender of the newborn. Dose levels in milligray per year were categorized as ≤1.5, 1.51-3.0, 3.01-6.0 and >6 with ≤1.5 as the reference category. Maternal age at birth in years was also categorized as 15-19, 20-21, 22-23 (reference), 24-25, 25-27, 28-29 and ≥30 . Categorization of the variables was done considering lower sample size at higher values of both dose levels and maternal age at birth. Logistic regression was also employed for modeling the relationship between the outcomes and maternal age at birth using STATISTICA software (StatSoft Inc. 2010) . Statistical significance of the odds ratio (OR) obtained from logistic regression was judged by 95 % confidence interval (CI). OR is statistically significant at 5 % level if the 95 % CI does not include 1 (Khan and Sempos 1989) , the value of OR under the null hypothesis of no difference between the HLNRA and NLNRA.
The study involved no intervention on human subjects and the study protocol was approved by the Institutional Ethical Committee. Blood samples from newborns with suspected chromosomal anomaly were collected after obtaining informed consents from the parents.
Results
During the study period from August 1995 to June 2011, a total of 141,540 newborns from 140,558 deliveries-139,589 singleton, 957 twins (6.81 ‰), 11 triplets (0.078 ‰) and one quadruplet-were monitored. MCA were detected in 1,370 newborns with a prevalence of 9.68 ‰. Frequency of stillbirth observed in the study was 4.35 ‰ (615 newborns) and MCA among stillbirths were about 20-fold higher at 190.24 ‰ (117 newborns) compared to 8.89 ‰ (1,253 newborns) among 140,925 live births (P<.001). The most frequent specific MCA was clubfoot (2.85 ‰) followed by heart disease (1.19 ‰), cleft lip/palate (1.05 ‰), Down syndrome (0.73 ‰) and neural tube defect (0.51 ‰). Hypospadias was another frequent MCA observed among 152 male newborns with a frequency of 2.1 ‰. The frequencies of other specific MCA observed in the study in the decreasing order of magnitude were microtia (33, 0.23 ‰), imperforate anus (27, 0.19 ‰), hydrocephalus (26, 0.18 ‰), anencephaly (23, 0.16 ‰), micro penis (22, 0.16 ‰), dislocation of hip (21, 0.15 ‰), intersex (21, 0.15 ‰), Pierrie Robin syndrome (20, 0.14 ‰), microcephalus (19, 0.13 ‰), spina bifida (19, 0.13 ‰), meningomyelocele (18, 0.13 ‰), achondroplasia (16, 0.11 ‰), diaphragmatic hernia (14, 0.10‰), meningocele (11, 0.08 ‰), polycystic kidney (9, 0.06 ‰), hydronephrosis (9, 0.06 ‰), fetal ascitis (6, 0.04 ‰), phocomelia (6, 0.04 ‰), albinism (5, 0.04 ‰), and digital aplasia (5, 0.04 ‰).
The variation in the frequency of clubfoot across the radiation dose groups of ≤1.5, 1.51 to 3.0, 3.01 to 6.0 and >6 mGy/year was statistically significant (P0.020) without indication of any clear dose-response. Highest frequency of 3.26 ‰ was observed at the dose level of 1.51-3.0 and lowest frequency of 2.33 ‰ at ≤1.5 mGy/year. Similarly, there was statistically significant variation in the frequency of overall MCA at different dose levels (P 0.046) with 7.16 ‰ at 3.01-6.0 mGy/year and 11.28 ‰ at >6 mGy/year. The differences in the prevalence of stillbirth, heart disease, Down syndrome, cleft lip/palate, neural tube defects, or hypospadias at different dose levels at parental residence were not statistically significant (Table 1) . Clubfoot was more common among newborns of HLNRA compared to NLNRA (3.19 ‰ vs. 2.33 ‰; P0.004) but all other adverse birth outcomes including overall MCA were similar between HLNRA and NLNRA.
About 85 % of the deliveries were in the maternal age group of 20-29 years. As shown in Table 1 , stillbirth (6.72‰) and overall MCA (13.81 ‰) were highest among mothers in the age group of 30 years or more. Maternal age at birth had a clear influence on stillbirth, Down syndrome, and overall MCA other than Down syndrome. The relationship was modeled using logistic regression with both linear and quadratic terms of maternal age at birth in the model (Fig. 1 ). The quadratic term was statistically significant for stillbirth and Down syndrome.
More than 90 % of mothers were either of primi or second gravida and both stillbirth and MCA were significantly higher for the gravida status of four or more. Clubfoot, congenital heart disease, cleft lip/palate, neural tube defect, and hypospadias were not associated with gravida status. The prevalence of Down syndrome was not similar among the four gravida groups and the highest frequency (1.42 ‰) was observed at gravida status of three (Table 1) .
Frequency of stillbirth was not similar among newborns of different ethnic group (P0.029), the lowest being among Arayas (3.48 ‰) and highest among other Hindu ethnic group (5.55 ‰). Though the frequency of overall MCA ranged from 9.08 ‰ among Nairs to 12.19 ‰ among Arayas, the variation was well within the limits of sampling fluctuation. Similarly, the variation observed in the frequencies of Clubfoot, heart diseases, Down syndrome, cleft lip/ palate, and hypospadias across the ethnic groups was not large enough to be statistically significant (Table 1) . However, the variation in neural tube defects among the different ethnic groups was marginally significant (P00.045) with no neural Figures in parentheses are the number of newborns with the adverse birth outcome N number of newborns, SB stillbirth, include born dead and born alive but died immediately without any physical stress, CF clubfoot, HD heart disease, DS Down syndrome, CLP cleft lip/palate, NTD neural tube defects, HS hypospadias (frequency among male newborns) a Thirty-three newborns of 11 triplets and four newborns of a quadruplet delivery were not included b Twenty-one newborns with intersex were not included *** P<.001; ** P<.01; * P<.05, testing the null hypothesis that the prevalence of the adverse birth outcome is equal across the subgroups using chisquare test tube defects being recorded among Arayas and 0.91 ‰ neural tube defects among Christians.
The analysis depicted in Table 1 also revealed that consanguinity was associated with higher frequency of stillbirth (8.91 ‰ vs. 4.25 ‰; P<.001), overall MCA (16.17 ‰ vs. 9.54 ‰; P<.001), clubfoot (5.61 ‰ vs. 2.79 ‰; P0.007), and neural tube defects (1.98 ‰ vs. 0.48 ‰; P0.0013). Overall frequency of MCA was higher among male newborns (11.11 ‰) compared to that among females (7.88 ‰, P<.001). Clubfoot was also higher among males than females (3.43 ‰ vs. 2.24 ‰; P<.001). Newborn twins were more prone to stillbirth than singletons (27.69 ‰ vs. 4 ‰, P<.001) but the difference in the prevalence of overall MCA between twins and singletons was not statistically significant (14.11 ‰ vs. 9.62 ‰, P0.061).
None of the adverse pregnancy outcomes considered here was associated with paternal habits of smoking, chewing, or alcohol consumption. When MCA were grouped according to the anatomical system(s) involved in the anomaly, the number of newborns identified with MCA of different systems was: musculoskeletal, 479 (3.38 ‰); genitourinary, 226 (1.60 ‰); gastrointestinal, 227 (1.60 %); cardiovascular, 168 (1.19 ‰); central nervous, 114 (0.81 ‰); ear, 39 (0.28 ‰); eye, 24 (0.17 %); respiratory, 18 (0.13 ‰); and other systems, 20 (0.14 ‰). Except for the musculoskeletal system MCA, no system-wise anomalies showed any statistically significant variation across different dose levels prevailing at the area of parental residence (analysis not shown).
Multiple logistic regression analyses were carried out to assess the association of stillbirth, overall MCA, clubfoot, heart disease, cleft lip/palate, Down syndrome, neural tube defects, and hypospadias with radiation levels, after adjusting for the possible effects of maternal age at birth, gravida, gender, consanguinity, and ethnicity (Table 2 ). Frequency of stillbirth was not associated with radiation dose levels, the ORs (95 % CI) being 1.16 (0.98-1.37), 0.84 (0.57-1.24), and 0.87 (0.53-1.41) in the dose groups of 1.5-3, 3-6 and >6 mGy/year, respectively, compared to the reference category of ≤1.5 mGy/year; nor was there any dose-related trend in the prevalence of stillbirth (P>.20). Similarly, no MCA considered here except clubfoot was associated with background radiation dose levels. The highest prevalence of clubfoot was observed at the dose level of 1.51-3.0 mGy/year (3.26 ‰) followed by 3.19 ‰ at >6.0 mGy/year, 2.58 ‰ at 3.01-6.0 mGy/year and 2.33 ‰ at ≤1.5 mGy/year, the reference category without indication of any dose-response. The frequency of clubfoot observed at 1.51-3.0 mGy/ year alone was higher compared to the reference category (OR01.39, 95 % CI, 1.12-1.72) and it was similar at other dose levels.
Discussion
There is global interest in the biological and health effects of chronic low-dose radiation exposure. The current study, (1910) 19 (6923) 20 (10772) 21 (11033) 22 (14569) 23 (17175) 24 (17043) 25 (13426) 26 (11819) 27 (9770) 28 (8449) 29 (5258) 30 (5049) 31 (1869) 32 (2302) 33 (1249) 34 (990) 35 (897) carried out in government hospitals in the coastal area offering secondary level health care, covered about 142,000 newborns and provides interesting information in terms of adverse pregnancy outcomes like stillbirth and MCA. Those attending government hospitals mostly belonged to the lower socioeconomic groups from both HLNRA and NLNRA. The observed prevalences of stillbirth and MCA were relatively lower in the study population probably due to the features like lower maternal age at birth (more than 90 % of the deliveries occur before the age of 30 years), small family size, higher literacy, and consequent health awareness and practices, despite a lower socioeconomic status. Assessment of dose due to radiation exposure is very important to address the role of chronic low-level radiation in inflicting DNA damage or other indirect effects in the etiology of MCA. Average dose in the area of parental residence due to external gamma radiation was used in the study. As far as exposure to radiation is concerned, most critical and sensitive stages during fetal development are conception, subsequent cell proliferation, and organogenesis spanning first two trimesters of pregnancy (Coggle 1983; Vogel and Motulsky 1997) . The study undertaken to assess the overall prevalence pattern of stillbirth and MCA with respect to the prevailing radiation levels at the area of parental residence did not reveal any association with stillbirth, overall MCA or specific anomalies like heart disease, cleft lip/ palate, hypospadias, Down syndrome, or neural tube defect. An exception was statistically significantly higher prevalence of clubfoot in the dose group of 1.51-3.0 mGy/ year compared the dose group of 1.5 mGy/year or less, but no clear dose-response was observed.
The frequency of stillbirth in developed countries is around 4 per 1,000 while in less developed countries it is 24 per 1,000 and in the least developed countries it is 31 per 1,000 (Ahman and Zupan 2007). The frequency of about four stillbirths among 1,000 newborns in this coastal community is comparable to that in developed countries. More than 90 % of the mothers were either primi or second gravida and those with higher gravida status were predominantly with previous history of abortion or stillbirth-about 40 % of mothers with gravida three or more had at least one previous abortion or stillbirth and the corresponding figure for second gravida mothers was only 4 %. This could be a probable explanation for the higher frequency of stillbirth among mothers with gravida status of three or more. Consanguinity was also associated with higher frequency of stillbirth and is a known factor (Stoltenberg et al. 1998) owing to higher chance of similar genetic defects running in families.
Overall prevalence of MCA in this population, 1 %, was lower than 2.11 to 4.42 % (Choudhury at al. 1989; Chaturvedi and Banerjee 1989; Ronya et al. 2002; Talukder and Sharma 2006) reported from other parts of India. With a multifactorial origin for congenital anomalies, Table 2 Logistic regression analyses of stillbirth, overall major congenital anomaly, clubfoot, congenital heart disease, Down syndrome, cleft lip/ palate, neural tube defects, and hypospadias among newborns on the prevailing dose levels at parental residence Adverse pregnancy outcome at birth Dose levels at parental residence in mGy per year P for trend a ≤1.5 mGy/year (n055,242) was the reference category. OR adjusted for maternal age at birth (15-19, 20-21, 22-23, 24-25, 25-27, 28-29 and ≥30) , gravida (1, 2, 3, and ≥4), ethnicity (Ezhava, Nair, Viswakarma, and other Hindu ethnic group including Araya, Christian, and Muslim), consanguinity (yes/no) and gender (male/female) of the newborn b Stillbirth includes born dead and born alive but died immediately without any physical stress c Major congenital anomaly d Statistically significant at 5 % level. Twenty-one cases of intersex not included in the analyses. Analysis of hypospadias carried out only among male newborns it may not be possible to reason out an exact cause for the discrepancy other than the rather unique features of the study population mentioned above. Clubfoot was the most common specific MCA observed in this study and the prevalence of 2.85/1,000 was generally comparable to that reported from elsewhere in the country-0.4 /1,000 at Kolkata and 2.5 /1,000 Jammu and Kashmir (Gupta et al. 2003 ). There was a statistically significant increase in prevalence of clubfoot among births from consanguineous marriages and among males. The deformity was highest in the dose group of 1.5-3.0 mGy/year but there was no clear dose-response relationship. The highest frequency of clubfoot as well as overall MCA was among the Hindu ethnic groups of Arayas, a community that practices relatively higher consanguineous marriages (4 %) and generally resides in the coastal area with higher background radiation dose-about 70 % in the dose group of 6 mGy/ year or more as against 3 % in the overall sample. But the finding may be an artifact of sample size as Arayas constituted only 1.6 % (n02,297) of the total sample. Of the 404 newborns identified with clubfoot, 380 (94 %) were without any other MCA and it was seen with neural tube defects in nine newborns and with cleft lip/palate, in another five newborns.
All congenital heart diseases (CHD) may not be symptomatic and detectable at birth and hence the observed prevalence at birth will be an under estimate. The reported prevalence of 3.9 ‰ CHD among live newborns in India (Khalil et al. 1994 ) is higher than the 1.19 ‰ identified in this study. The lower prevalence in the current study may be compatible with lower maternal age at birth as CHD showed increasing trend with maternal age at birth and only less than 10 % of the mothers in the study were older than 30 years at birth. CHD was not statistically associated with any other factors considered in the study, though the prevalence showed wide variation among different ethnic groups and was higher among newborns from consanguineous marriages and among those with a gravida status of four or more. Unlike overall MCA and clubfoot, the prevalence of CHD was marginally higher among females (probably reflecting survival advantage of females over their male counterparts under suboptimal conditions) but the difference was not statistically significant. Among the 168 newborns diagnosed with CHD at birth in the study, 150 had CHD alone and the rest had other MCA as well, the most frequent being Down syndrome in five and clubfoot in another four newborns.
The prevalences of cleft lip/palate and hypospadias in this study were 1.05 and 2.10 ‰ (among males), respectively, and are within the range reported in literature (Radhakrishna et al. 2006; Ghirri et al. 2009; Reddy et al. 2010) . The occurrence of both cleft lip/palate and hypospadias appeared to be sporadic without association with any of the parameters like maternal age at birth, gravida status, consanguinity, ethnicity, or background radiation dose levels. The population based 1:3 agematched case-control study in the high and normallevel radiation areas of Kerala also did not reveal any association of cleft lip/palate with the prevailing dose levels at parental residences (Koya et al. 2012 ). More than 95 % (145/152) newborns identified with hypospadias were without any other major anomalies. The proportions of newborns with cleft lip as well as cleft palate, cleft lip alone, and cleft palate alone were 59.7, 21.5, 18.8 %, respectively. Majority (136/149) of the newborns had isolated cleft lip/palate and the most frequent MCA observed among newborns with cleft lip/palate was neural tube defects (four newborns).
Frequency of Down syndrome in the current study was 1 in 1,361 births and the relatively lower prevalence could be explained by lower maternal age at birth (Hecht and Hook 1996; Carothers et al. 1999) , which is comparable to that reported in a national level multicentric study of malformation and Down syndrome in India using a common protocol, conducted at New Delhi (Verma et al. 1998) , Mumbai (Bharucha 1998) , and Baroda (Modi et al. 1998) , which had estimated the frequency of Down syndrome to be 1 in 1,230, 1 in 1,511, and 1 in 963, respectively. Association of Down syndrome with maternal age is well known (Gaulden 1992 ) and the same was seen here also where the prevalence increased sharply after the age of 30 years at the time of delivery. Notwithstanding relatively smaller sample size at higher dose levels, available data on 104 Down syndrome cases detected at birth did not suggest any dose dependence. Comparison of the frequencies of Down syndrome in HLNR (65/86, 290) and NLNR (39/ 55, 250) areas yielded an RR of 1.07 (95 % CI, 0.72-1.59) and did not provide evidence to suggest any impact of HLNR on the prevalence of Down syndrome. The findings are in disagreement with an earlier study (Kochupillai et al. 1976 ) based on an adult population survey that reported higher prevalence of Down syndrome in HLNRA with no Down syndrome case having been recorded in the control population.
The prevalence of neural tube defects (0.51 ‰) was comparatively lower as against those from other Indian studies where it ranged from 0.84 to 8.8 ‰ (Verma et al. 1998; Bharucha 1998; Cherian et al 2005) . Like CHD and Down syndrome, the risk of neural tube defects in the present study appears to be higher among female births, although not statistically significant. A similar pattern was seen in other reports (Seller and Opitz 1987) . Neither background radiation nor any other parameters analyzed in this study appear to be risk factor for neural tube defects.
Genetic studies in wild rats based on skeletal and dental variants (Gruneberg 1964; Gruneberg et al. 1966 ) and a demographic study based on reproductive parameters and infant mortality (Ayengar et al. 1972) in the area did not suggest any difference between high-and normal-level radiation areas. There were reports of a higher prevalence (12/ 12,918 in HLNRA vs. 0/5,938 in control area) of Down syndrome in HLNRA (Kochupillai et al. 1976 ) and a higher frequency of mitochondrial DNA mutation (22/595 in HLNR vs. 1/200 in NLNR; P<.01, likelihood ratio chisquare) in saliva samples (Forster et al. 2002) . Down syndrome report (Kochupillai et al. 1976 ) was criticized for design issues (Sundaram 1977) . Historic dosimetry and small sample size especially from the control area were some of the weaknesses of the mitochondrial DNA study-the risk of mutation in HLNR area relative to control area, as estimated from the data was 7.39 with a very wide 95 % CI of 1.003 to 54.5, reflecting lack of precision in the estimate. Our studies on biological and health effects of high-level natural radiation on the inhabitants, conducted at the field laboratory established by Department of Atomic Energy, Government of India, did not find any evidence to implicate high-level natural radiation in any of the outcomes like chromosomal aberrations, karyotype anomalies, micronuclei, overall congenital anomalies, stillbirths, late onset diseases, or telomere length in human adults (Jaikrishan et al. 1999; Cheriyan et al. 1999; Thampi et al. 2002 Thampi et al. , 2005 Das and Karuppasamy 2009; Das et al. 2009 ). Studies on cancer incidence among population of the HLNR area also failed to show any relationship with the high-level natural radiation (Nair et al. 1999; Nair et al. 2009 ).
Summarizing, the findings are consistent from those noted in other similar studies (Talukder and Sharma 2006) . Maternal age at birth is the only incontrovertible factor associated with Down syndrome. Delayed fertilization due to reduced frequency of coitus, relaxed embryo-fetus selection, limited oocyte pool, hormone imbalance, etc. implicated in the etiology of Down syndrome (Gaulden 1992 ) may also have a role in the frequency of stillbirth and MCA as well. The present findings, however, are in agreement with the studies elsewhere including those on children born to parents of survivors of atomic bombings (Neel et al. 1990) , where no statistically significant difference was seen in the frequency of genetic defects between exposed and control groups and at present there is no evidence to suggest any statistically significant association of either stillbirth or MCA with high background radiation. More focused and analytical studies with rigorous dosimetry are being carried out with selected MCAs (Koya et al 2012) and further nested case-control studies with MCA like hypospadias, clubfoot, and other MCA that are very difficult to identify/ diagnose in the field are being planned.
Strengths and limitations of the study
This study is based on monitoring about 142,000 consecutive newborns at birth and the large sample size is the major strength of this study. The chance of under ascertainment of major congenital anomalies detectable at birth was remote in the study since all newborns were examined by the pediatricians of the collaborating hospitals and their observations were verified by medical doctors of LLRRL trained in detecting congenital anomalies. Since all the relevant information was recorded in pre-coded proforma during the stay of the woman in the hospital by staff nurses and medical doctors of the hospital and the data were scrutinized for completeness and consistency by medical and paramedical staff of LLRRL who made regular visits for the purpose to the participating hospitals, missing data was not an issue in the study. The clinical diagnosis of Down syndrome was confirmed cytologically. Etiology of different MCA, though not well understood, could be different and pooled analysis might mask small differences between HLNRA and NLNRA. Hence, most frequent MCA were analyzed separately to find out association, if any, with the elevated levels of natural radiation. The uniqueness of the study population-lower maternal age at birth, acceptance of small family norm, universal antenatal folic acid supplementation, higher literacy, and consequent health awareness and practices-may have influence in reducing the prevalence of stillbirth and MCA and the spectrum of observed anomalies. Radiation exposure profile in the natural high-level radiation scenario is quite complex due to local movement of the population coupled with the general Indian pattern of shift of residence of female to her husband's place after marriage. One limitation of the study is that the average dose at the area of residence of the parents was used in the study as a surrogate for the actual dose. Since the radiation level in the region under study is purely due to primordial radioactivity, drastic change in radiation levels over the years was unlikely. It may also be appreciated that reconstruction of past radiation dose, taking into consideration the complex biological processes underlying gametogenesis/fetal development, is near impossible. Smaller sample size from areas with higher radiation levels was another limitation of this observational study.
